The potential of various manufacturing methods was evaluated for producing nickel-titanium graded composition material. The selected test case examined attachment brackets that join nickel-based metallic thermal protection systems to titanium-based launch vehicle structure. The proposed application would replace nickel-based components with graded composition components in an effort to alleviate service induced thermal stresses. Demonstration samples were produced by laser direct metal deposition, flat wire welding, and ultrasonic consolidation. Microstructure, general bond quality, and chemistry were evaluated for the components.
Introduction
The ability to fabricate bulk materials with graded composition offers the potential for unique solutions to engineering problems and offers advantages over conventional materials and traditional composites. Research and development of functionally graded materials has largely focused on surface coatings or modifications of surface layers to enhance wear, optical, or electrical properties. Application of functional grading in bulk form offers the ability to create components with tailored chemistries or microstructures which enables properties to be selectively enhanced in critical regions. The current study examines the potential of various manufacturing methods for producing bulk material with composition graded from nickel-based Inconel 718 to titanium alloy Ti -6Al -4V (Ti-6-4). The test case for application of such material is an attachment bracket that joins nickel-based metallic thermal protection systems to titanium-based launch vehicle structure. The goal of the current study was to evaluate the compatibility of each method with the materials selected, examine the resulting microstructures and chemistries, and characterize any reaction products.
Metallic thermal protection systems (TPS) under development offer potentially greater durability than ceramic tile systems. One design, shown in Figure 1 , employs attachment brackets to join a hot service aeroshell to an integrally stiffened tank structure [1, 2] . In this concept the attachment bracket is made from Inconel 718 strip approximately 4 in. long, 1 in. wide, and 0.020 in. thick, with 0.5 in. long flanges at each end to facilitate brazing to the Inconel 718 aeroshell and the Ti-6-4 tank structure. Thermal analysis indicates that temperatures at the Inconel end would reach 1800 o F and be in the range of 400-500 o F at the Ti end. The limitation of this design is accommodation of thermal expansion during flight without generating excessive bending or shear loads that impact the service life of the attachment bracket. Replacement of the Inconel 718 attachment clip with one produced from a graded composition component may reduce the stress concentrations.
Three manufacturing routes were evaluated for producing a composition graded from Inconel 718 to Ti-6-4 in bulk form: laser direct metal deposition, flat wire welding, and ultrasonic consolidation. All of these processes are layer-additive but differ in the feedstock and method of energy input used to consolidate material. Each process offers unique manufacturing flexibility and process benefits. Laser direct metal deposition consolidates deposited metal powder using a high energy laser beam. Flat wire welding is a pulsed laser based method of joining sequential layers of metallic wire. Ultrasonic consolidation is a solid state process that consolidates foil layers by application of frictional energy under load. Figure 1 . Concept drawing of a metallic thermal protection system employing attachment clips to join a hot Inconel 718 aeroshell to a Ti-6-4 integrally stiffened tank structure.
Materials and Processes
Laser direct metal deposition trials were conducted with the Laser Engineered Net Shape (LENS) process developed at Sandia National Laboratories [3] . The LENS process, shown schematically in Figure 2 , is a layer additive powder deposition process that consolidates powder layers with a laser operated in continuous beam mode. The LENS process employs multiple nozzles to feed elemental and pre-alloyed powders to produce nearly continuous composition gradients. A wall-shaped build in progress is shown in Figure 3 . The deposits for this study were produced on Ti-6-4 base plates from powders of Ti-6-4 and/or Inconel 718. The Figure 2 . Schematic of the laser engineered net Figure 3 . Wall-shaped build in progress shape (LENS) process.
using the LENS process.
chemistries for the supplied powders are provided in Table 1 . Deposits were produced from Ti-6-4 and Inconel 718 in order to establish deposition parameters. A series of constant composition deposits were produced from pre-mixed powder blends, with the composition adjusted in steps of 10% by volume from 100% Ti-6-4 to 100% Inconel 718, to investigate deposition performance for specific alloy combinations. Deposits with continuous composition
X--Y Positioning Stage
Laser and Powder Delivery Nozzle TPS Attachment Clip gradients were achieved by simultaneously adjusting the feed rate of each powder in order to achieve a target composition profile and the deposition parameters in order to control the build quality. Deposit geometries included walls, columns, and cylinders. Flat wire welding trials were performed using the Precision Metal Deposition (PMD TM ) process developed by H&R Technology, Inc. [4] . The PMD TM process, shown schematically in Figure 4 , is a pulsed laser-based metal additive fabrication process. The PMD TM process fuses solid flat metal wire onto a substrate without the need to create a molten pool of metal on the substrate. As a result, metal parts can be fabricated with an order of magnitude less heat input than continuous-beam laser metal deposition processes, yielding parts with minimal distortion and improved metallurgical characteristics. Composition gradients in bulk components can be tailored by adjusting the stacking sequence of wires of different composition. The current study evaluated the compatibility of the PMD TM process with Inconel 718 and Ti-6-4 as well as the interactions that occur when the alloys are combined in a gradient composition component.
All of the flat wire welded deposits were produced on Inconel 718 base plates using Ti-6-4 and/or Inconel 718 rectangular cross section wire, as summarized in Table 2 , and included three or four layers with three wires deposited side-by-side in each layer. Deposits were produced from Inconel 718 wire, 0.018 in. thick and 0.028 in. wide, in order to establish process parameters. In addition, deposits were produced from Ti-6-4 wire in order to establish process parameters and to investigate interactions with the Inconel 718 base plate. The Ti-6-4 wire used had dimensions 0.016 in. thick and 0.027 in. wide or 0.005 in. thick and 0.028 in. wide. Graded composition deposits were made by depositing three layers of 0.005 in. thick Ti-6-4 wire followed by one layer of Inconel 718 wire.
Ultrasonic consolidation (UC), developed by Solidica, Inc., is a micro-friction solid-state process used to join foil gage feedstock to build parts in a layer additive fashion [5] . The UC process, shown schematically in Figure 5 , produces metallurgical bonds between layers without melting. The layer being added is translated against the previous build at ultrasonic frequency and low amplitude resulting in fracture and displacement of surface oxides. The clean surfaces are brought together at a temperature typically less than half the material melting temperature and under applied load to promote atomic diffusion. The sonotrode is rotated across the build surface to continuously consolidate foil strip. Nickel and titanium alloys are suitable for ultrasonic consolidation, but the process is not mature for these materials. Samples were produced for this study from pure Ni and commercially pure (CP) Ti foils to demonstrate the feasibility of developing metallurgical bonding without undesirable metallurgical interaction. For this feasibility study, static joining of small 0.24 in. x 0.6 in. samples was attempted by using a modified spot welding system equipped with a knurled tool steel sonotrode, rather than the rolling strip application. Samples were Analysis of all samples produced for this study employed standard metallographic techniques for sectioning and polishing. However, etching procedures were tailored for each product and material combination in order to examine bond lines, evaluate material interactions, and reveal grain structures. Chemical analysis was evaluated by direct current plasma spectroscopy for bulk samples and by energy dispersive x-ray analysis of specimen sections.
Results and Discussion Laser Direct Metal Deposition
Test samples produced by the LENS process for this study are shown in Figure 6 . During building of the Ti-6-4 wall (2.5 in. x 4.0 in.) power was adjusted to control rippling and smooth the surface. Power and feed rate were adjusted during building of the series of Inconel 718 walls (2.5 in. wide x 2.5 in. tall max.) in order to reduce rippling, warping, and separation from the base plate. The Inconel 718 deposits generally had a smoother surface than that of the Ti-6-4 deposits. Metallographic sections of the Inconel 718 wall, shown in Figure 7 etched with a solution of HNO 3 and HCl, exhibited banding associated with the laser passes. The microstructure was primarily a fine scale dendritic solidification structure with coarser dendrites noted near the surface of the deposit. The Ti-6-4 wall, shown in Figure 8 etched with Keller's reagent, exhibited significant surface roughness characterized by serrations that were on the scale of the deposited powder layer. Residual powder particles were loosely adherent to the surface of the deposit. The microstructure exhibited large columnar grains, prior-β grain boundaries, and fine alpha laths within the grains. The columnar grain structure indicates that epitaxial growth of β likely occurred during laser consolidation of the added powder layer with transformation of β to α during cooling. Constant composition blends of the two materials were deposited to build walls 1 in. wide x 0.5 in. tall and columns 0.375 x 0.375 x 0.5 in. tall. Cracking was observed in the walls when the composition blend was 50% each Ti-6-4 and Inconel 718 and in the columns when the blend was 40% Ti-6-4 and 60% Inconel 718. Chemical analysis of the constant composition blend column samples is summarized in Table 3 for the various powder blends. The results indicated that the deposits targeted to be 100% Ti-6-4 and 100% Inconel 718 contained 10-20% of the other material, which may reflect residual powder from prior deposits. The compositions of the remaining powder blends differed by 10-20% from calculated compositions based on target powder volume percent, suggesting that further development is needed in powder feed control. The deposits with target powder blend of 60-80% Inconel 718 agreed best with calculated composition. X-ray chemical analysis of the short column deposit with target blend of 10% Ti-6-4 and 90% Inconel 718, summarized in Figure 9 , revealed a complex solidification structure with significant elemental segregation. The backscattered scanning electron microscope image shows a coarse dendrite structure with partitioning of nickel and iron, circular aluminum and chromium rich inclusions, and occasional titanium rich inclusions. The graded composition deposits developed macroscopic cracks (Figure 10 ) before the full transition from Ti-6-4 to Inconel 718 was achieved. The 2.5 in. wide wall developed a large crack when the composition reached a target mix of approximately 58% Ti-6-4 and 42% Inconel 718, based on powder feed control, with the crack propagating to complete fracture of the build during shutdown and removal of the sample. The column (0.375 in. x 0.375 in. x 0.98 in.) developed a crack when the target blend was about 40% Ti-6-4 and 60% Inconel 718. The build was continued to completion but additional cracks developed. Both deposits exhibited significant secondary cracking as well. The microstructures were similar for the column and wall and revealed that the cracks were not directly linked to metallurgical features. Macroscopic banding was observed, as shown in Figure 11a , likely due to the laser passes used to consolidate each powder layer. The sample was etched with an HNO 3 /HCl solution + Keller's reagent. The microstructures were fully dendritic with coarser structure in the lighter bands. Residual Ti-6-4 powder particles that were not melted during processing were observed near the surfaces. The primary fracture surface of the wall (Figure 12 ) exhibited brittle, cleavage fracture features and residual Ti-6-4 powder particles. A reaction layer was visible around the Ti-6-4 powder particles both in cross section (Figure 11c ) and on the fracture surface (Figure 12c ). Flat Wire Welding Samples produced by the PMD TM flat wire welding process, shown in Figure 13 , exhibited distinct wire layers (Figure 13a ) and solidification fronts (Figure 13b ) which were associated with the laser passes along the three wires in each layer. The Inconel 718 deposits were well integrated with the base plate but the Ti-6-4 and Ti-6-4/Inconel 718 deposits exhibited macroscopic cracking and separation at the base plate interface (Figure 13c) . The Ti-6-4/Inconel 718 deposits also exhibited cracking through the layers of the deposit.
Metallurgical sections of the Inconel 718 deposit (Figure 14 etched with Kalling's reagent) showed full consolidation between the wire layers and banding associated with the laser passes. The microstructure exhibited large elongated grains that spanned the laser pass boundaries and were generally elongated in the through-thickness direction (Figure 14) . Occasional porosity was also observed. A region of mixing was observed at the base plate interface that penetrated up to 300 µm into the base plate. boundaries between individual Ti-6-4 layers were not as clear. Some evidence of mixing as well as secondary cracking was observed in the lower portion of the Ti-6-4 region. Additional mixing was observed at the interface between the Ti-6-4 layers and the Inconel 718 layer. Reaction layers that were approximately 5 µm thick ( Figure 17) were observed at the interface between the Ti-6-4 layers and both the Inconel 718 base plate and wire. The reaction layer was similar in appearance to that observed in the Ti-6-4 deposit. At higher magnification the reaction layer appeared to be a nearly featureless band, approximately 5 µm thick, as shown in Figure 18 . The reaction layer shown has formed around a lobe of Inconel 718 drawn into the Ti-6-4 layer during interlayer mixing. Chemical analysis by energy dispersive spectroscopy was performed stepwise along a line spanning from Inconel 718 at the interior of the lobe to the surrounding Ti-6-4 layer. Semi-quantitative analysis demonstrated a gradient decreasing in Ni, Fe, and Cr and increasing in Ti and Al, but was not sensitive enough to fully quantify the chemistry. Crystallographic analysis and fully quantitative x-ray analysis of the reaction layer are underway and not included in this report.
The flat wire welding process was used to produce metallurgical mixing and bonding between Ti-6-4 and Inconel 718, although some cracking and material reaction occurred, which indicates the need for further process development. The pulse application of the laser in flat wire welding resulted in minimal segregation of elements as compared with the LENS process. 
Ultrasonic Consolidation
The samples produced by ultrasonic consolidation exhibited indentations from the knurled surface of the sonotrode in the consolidated region, as shown in Figure 19 . The free edges of the foil were flared due to peel loads manually applied by the manufacturer to ensure that the foils were bonded. The samples were sectioned along the length and across the remaining width as shown in Figure 19 Kroll's reagent. The metallurgical bond line remained tightly closed after etching and exhibits some smearing of metal across the boundary. The Kroll's reagent also highlighted a centerline feature (C in Figure 21b ) which is a remnant of the electrodeposition process used to produce the Ni foil. A portion of a UC sample containing eleven layers of CP Ti is shown in Figure 22 and has been lightly etched with a solution of HF, HNO 3 , and lactic acid. Metallurgical bonds are apparent between three of the layers with no bonding at the triangular void. Higher magnification (Figure 22b ) reveals that the etchant lightly attacked the bond line but the bond remained intact. In addition this view illustrates that the equiaxed alpha microstructure of the foil was unchanged during the consolidation process. The graded composition sample, shown in Figure 23 , contained both Ni and Ti foils in the sequence Ni -Ni -Ni -Ti -Ni -Ti -Ti -Ti with the sonotrode applied between each layer. In the scanning electron microscope image shown in Figure 23a the Ni foils appear lighter than the Ti foils. Metallurgical bonding occurred between some layers but also evident are residual indentations from the sonotrode surface, occasional foil tearing, and separation of the topmost Ti foil. Higher magnification examination (Figure 23b ) revealed that metallurgical bonding did occur between Ni and Ti foils, and was also observed between Ni-Ni and Ti-Ti pairs. In addition, the microstructure of each alloy appeared unchanged by the UC process. Higher magnification examination of the bond line between Ni and Ti foils revealed a reaction layer that was approximately 1 µm thick, as shown in Figure 24 . Chemical analysis of the reaction layer and the surrounding Ni and Ti foils was performed by energy dispersive x-ray analysis in a scanning electron microscope and indicated (points 2-5) the presence of both Ni and Ti as well as higher concentrations of C and O than in the foils. Additional chemical analysis and x-ray crystallography are underway to determine the composition and structure of the reaction layer.
The ultrasonic consolidation process successfully created a metallurgical bond between CP Ti and pure Ni without melting either material. The extent and nature of material interaction requires further characterization but is clearly reduced compared with the flat wire welding process. Concluding Remarks The potential of three manufacturing methods was evaluated for producing bulk material with composition gradient from Ti-6-4 to Inconel 718. The methods were laser metal powder deposition, flat wire welding, and ultrasonic foil consolidation. All of the manufacturing methods require further development and additional characterization of produced samples before gradient composition materials can be reliably produced.
Analysis
Graded composition samples produced by laser direct metal deposition exhibited significant macroscopic cracking for powder blends that contained 40-60% Inconel 718. Microstructures exhibited coarse dendrites and significant elemental segregation. The chemistries of deposits of fixed powder blends varied in accuracy by up to 20% compared with calculated target chemistry. Additional development of process parameters and powder feed control are necessary to ensure that target chemistry gradients are achieved without excessive material reactions.
The flat wire welding process resulted in layered deposits of Ti-6-4 and Inconel 718 wire that exhibited good mixing between the wire layers but also exhibited cracking at the alloy interface. A 5 µm thick reaction layer and region of brittle cracking were observed, but the degree of material reaction was significantly reduced compared with laser direct metal deposition.
Samples produced by ultrasonic consolidation demonstrated metallurgical bonding between pure Ni and commercially pure (CP) Ti foils without melting. Analysis of the bonded regions revealed a 1 µm reaction layer that was thinner than those observed for the other processes evaluated.
